Binary mixtures of methanol (CH 3 OH ) and carbon monoxide (CO) ices were irradiated at 10 K with energetic electrons to mimic the energy transfer processes that occur in the track of the trajectories of MeV cosmic-ray particles. The formation of glycolaldehyde (HCOCH 2 OH) was established through the appearance of new bands in the infrared spectrum at 1757, 1700, 1690, 1367, 1267, and 1067 cm À1 . A second C 2 H 4 O 2 isomer, methyl formate (HCOOCH 3 ), was also identified by absorptions appearing at 1718, 1159, and 914 cm À1 . Mass spectrometer signals during the warm-up of the ice sample showed sublimation of both the glycolaldehyde and methyl formate; these species were monitored via the C 2 H 4 O 2 + molecular ion at mass-to-charge ratio, m/e, of 60 originating from both glycolaldehyde and the methyl formate isomer. The latter was distinguishable by the presence of a second signal at m/e = 45, i.e., the HCO 2 + ion. Kinetic fits of the column densities of the reactants and products suggest the initial step of the formation process is the cleavage of a CÀH bond in the methanol molecule to generate either the hydroxymethyl (CH 2 OH) or methoxy (CH 3 O) radical plus atomic hydrogen. The hydrogen atom holds excess kinetic energy, allowing it to overcome entrance barriers required; therefore, a hydrogen could add to a CO molecule, generating the formyl radical (HCO). This can recombine with the hydroxymethyl radical to form glycolaldehyde or with the methoxy radical to yield methyl formate. Similar processes are expected to form glycolaldehyde and methyl formate in the interstellar medium on grains and possibly on cometary ices, thus providing alternatives to gas-phase processes for the generation of complex species whose fractional abundances compared with H 2 of typically a few times 10 À9 cannot be accounted for solely by gas-phase chemistry.
INTRODUCTION
The majority of interstellar gas-phase molecules that have been detected are found in regions of space known as hot molecular cores. These locations typically have high temperatures (T > 150 K) and high number densities (n > 10 6 cm À3 ) and are thought to be the birthplace of high-mass stars (Linz et al. 2005; Kurtz 2006 ). Of the 135 molecular species detected to date, more than half have been discovered in the hot core known as the Large Molecule Heimat, located in Sagittarius B2(N ) [Sgr B2 (N )Y LMH; Snyder 2006] . Of the chemical species detected so far, special attention has been paid to the formation of different isomers such as C 2 H 4 O (acetaldehyde, ethylene oxide, vinyl alcohol) and C 2 H 4 O 2 (glycolaldehyde, methyl formate, acetic acid), that is, molecules that have the same chemical formula but differ in the way atoms are connected. Here the elucidation of their formation mechanisms can provide insight into the present and past physiochemical conditions of the clouds and molecular cores (Hollis et al. 2000) . In this paper, we choose to investigate the formation routes of the C 2 H 4 O 2 isomers detected so far ( Fig. 1 ) because they are of significant astrobiological importance Snyder 2006) .
Glycolaldehyde ( HCOCH 2 OH ) is a hydroxyaldehyde diose and represents the simplest member of the monosaccharide sugars. It could be involved in the production of important biomolecules such as glycolaldehyde phosphates, amino acids, and more complex carbohydrates including ribose (also a monosaccharide), which serves as part of the structural backbone of ribonucleic acid (Collins & Ferrier 1995; Weber 1998 ; Krishnamurthy et al. 1999 ). The production of sugars from formaldehyde through the formose reaction (Boutlerow 1861) in a primitive Earth environment is unlikely, because of the harsh conditions involved (strongly alkaline, moderate temperature, high formaldehyde concentrations, catalytic). Indeed, the primordial production of sugars via the formose reaction has been seriously questioned by Shapiro (1988) . Hollis et al. (2000) detected the presence of glycolaldehyde within Sgr B2(N)YLMH, and although this is the only source where it has been identified, several subsequent studies have confirmed its presence (Hollis et al. 2001 (Hollis et al. , 2004 Halfen et al. 2006) . In a recent attempt to confine the abundances of complex species present in comet C/1995 O1 (Hale-Bopp), Despois et al. (2005) presented an upper limit for the abundance of glycolaldehyde relative to water of 0.04. This could have profound implications from an astrobiological viewpoint, considering that comets are thought to preserve the ''pristine'' interstellar material from which our solar system was formed and are also considered as a source for prebiotic molecules to seed Earth (Chyba & Sagan 1992; Ehrenfreund et al. 2004; Tornow et al. 2005) .
Acetic acid (CH 3 COOH) is also considered to be a molecule of astrobiological importance, acting as a precursor to the amino acid glycine (see, e.g., Sorrell 2001) . Acetic acid was first detected in the hot molecular core Sgr B2(N)YLMH by Mehringer et al. (1997) . Since then it has also been observed in several other hot molecular cores (Remijan et al. 2002 (Remijan et al. , 2003 , in high-mass starforming regions , in the low-mass protostar IRAS 16293À2422 (Cazaux et al. 2003) , and also toward the protoYplanetary nebula CRL 618 (Remijan et al. 2005) . It has also been found within the Murchison meteorite; upper limits of 0.06 relative to water were also suggested in comet Hale-Bopp (Huang et al. 2005 ; Despois et al. 2005 ).
Methyl formate (HCOOCH 3 ) was first detected in the hot molecular core Sgr B2(N) by Brown et al. (1975) , but it has also been monitored in Orion A (Elldér et al. 1980 ), G34þ0.15 (Macdonald et al. 1996) , G327.3À0.6 (Gibb et al. 2000) , and the low-mass star-forming region IRAS 16293À2422 (Remijan & Hollis 2006 ) and also toward the protoYplanetary nebula CRL 618 (Remijan et al. 2005) . Besides comet Hale-Bopp, where its abundance has been estimated as 0.08 relative to water, methyl formate has also been found in comet C/2002 T7 (LINEAR), for which an upper limit of 0.01 relative to water was presented (Despois et al. 2005; Remijan et al. 2006) .
As already stated, Sgr B2(N)YLMH represents the only source where all three of these isomers have been detected. Hollis et al. (2001) reported the relative abundances of these three isomers as being 52: 2:1 (methyl formate : acetic acid:glycolaldehyde). However, using the most recently determined column density for glycolaldehyde of 5.9 ; 10 13 molecules cm À2 (Halfen et al. 2006 ) and values of 6.1 ; 10 15 molecules cm À2 for acetic acid (Remijan et al. 2002 ) and 1.1 ; 10 17 molecules cm À2 for methyl formate (Liu et al. 2001) , updated relative abundances of these isomers have been reported to be 1864:103:1. Taking the column density of H 2 as 3 ; 10 24 molecules cm À2 , this gives fractional abundances (relative to H 2 ) of 2.0 ; 10 À11 , 2.0 ; 10 À9 , and 3.7 ; 10 À8 for glycolaldehyde, acetic acid, and methyl formate, respectively. However, while both methyl formate and acetic acid are confined to a compact source around 5 00 in diameter, glycolaldehyde is extended as far as !60 00 (Hollis et al. 2001) . It has been suggested that the extended distribution of glycolaldehyde may be the result of chemistry initiated by the heating of interstellar grains by shocks (Chengalur & Kanekar 2003) .
Chemical models that attempt to reproduce the column densities of these isomers based solely on gas-phase pathways have failed by orders of magnitude. To our knowledge, no models currently exist that attempt to reproduce the column density specifically of glycolaldehyde. However, regarding acetic acid, gasphase models of Sgr B2(N ) predict fractional abundances of only 2 ; 10 À11 and 3 ; 10 À12 molecules cm À2 (Wlodarczak & Demaison 1988; Wootten et al. 1992) . The formation of methyl formate by gas-phase synthesis alone similarly falls short by an order of magnitude (Horn et al. 2004 ). More recent modeling has been attempted to reproduce the column densities of these isomers, taking into account reactions that occur on the surfaces of interstellar grains. However, even these models are limited, as they are primarily based on the surface migration of radicals (e.g., Garrod & Herbst 2006) or of heavy atoms (Charnley & Rodgers 2006) . It has long been known that surface migration on these icy grains involves overcoming large diffusion barriers, making these processes inefficient for species other than hydrogen. Therefore, it seems unlikely that diffusion-limited processes on grain surfaces can form complex organic molecules (LeitchDevlin & Williams 1984) .
However, it is well known that during the lifetimes of about (4Y6) ; 10 8 yr (Jones 2005) of interstellar ices within dense molecular clouds, these ices are subject to irradiation from UV photons, as well as Galactic cosmic rays (GCRs). This ionizing radiation field can chemically modify the pristine ices as condensed on interstellar grains. The UV photons typically have energies less than 13.6 eVand a fluence of = 10 3 photons cm À2 s À1 (Prasad & Tarafdar 1983) ; they only penetrate the outer mono layers of the ice-coated interstellar grains. The GCRs consist of about 98% protons ( p, H + ) and 2% helium nuclei (-particles, He +2 ) and have a distribution maximum around 1 MeV with = 10 particles cm À2 s À1 (Strazzulla & Johnson 1991) . Detailed collisional cascade calculations demonstrate that each MeV cosmic-ray particle can penetrate the entire icy grain and induce cascades, generating up to 10 2 suprathermal particles (Kaiser et al. 1997; Kaiser 2002 ). The energy transferred to the ices is sufficient to ionize the molecules and hence generate high-energy electrons, which may be born with kinetic energies up to a few keV. It has been shown that for a 10 MeV proton, 99.99% of the energy transferred into the ice target will be to the electronic system of the target molecules by means of a linear energy transfer (LET) of a few keV per micron; a similar LET is found for 5 keV electrons as they penetrate ices (for more detailed discussions on the effects of irradiation on ices, see Johnson 1990; Spinks & Woods 1990; Kaiser et al. 1997; Kaiser 2002; Bennett et al. 2005) . Therefore, to study the formation of C 2 H 4 O 2 isomers within interstellar ices, we chose to investigate the effects of 5 keV electrons on binary ice mixtures of carbon monoxide and methanol, both of which are found to be abundant within interstellar ices (e.g., Gibb et al. 2004) . Here the radiolysis-induced production of C 2 H 4 O 2 isomers could occur via the following reactions: 
First, methanol undergoes a unimolecular decomposition to produce either the methyl and hydroxyl radicals (1a), the hydroxymethyl radical and a hydrogen atom (1b), or the methoxy radical and a hydrogen atom (1c). Second, one of the radicals produced can add to carbon monoxide to produce either the formyl radical (2a) or the carboxyl radical (2b). Finally, these radicals can recombine to produce acetic acid (3a), glycolaldehyde (3b), or methyl formate (3c). In this paper, we simulate the effects of ionizing radiation on ice-analog samples in the interstellar medium and on comets and investigate how distinct C 2 H 4 O 2 isomers are formed in binary ice mixtures of carbon monoxide and methanol.
EXPERIMENTAL
The experiments were carried out in a stainless steel ultraYhighvacuum chamber, where pressures as low as 3 ; 10 À11 torr can be achieved through the use of oil-free magnetically suspended turbomolecular pumps. The gas mixture was prepared in a separate chamber from 20 mbar of methanol (Fisher Chemicals 99.9%, further purified by a foreline nitrogen cold trap) and 40 mbar of carbon monoxide (Specialty Gas Group 99.99%). The gas mixture is deposited onto a highly polished silver (111) monocrystal target held at 11.1 AE 0.3 K through a glass capillary array held 5 mm from the silver target. The gas is allowed to condense for 50 minutes; during this process, the background pressure in the main chamber is kept constant at 10 À8 torr. The silver target (which is freely rotatable) is then moved into position so that the freshly condensed ice can be monitored by a Nicolet 510 DX Fourier transform infrared spectrometer, operated in an absorptionreflection-absorption mode (reflection angle = 75 ) during irradiation of the sample by the electron gun (Specs EQ 22/35). A quadrupole mass spectrometer (Balzers QMG 420) operating in residual gas analyzer mode with the electron-impact ionization energy at 90 eV allows us to detect any species in the gas phase during the experiment (for more details, see Bennett et al. 2004) .
Figures 2a and 2b show the infrared spectrum of the pristine ice sample before the irradiation, held at 11 K; a compilation of the observed bands is listed in Table 1 . Note that several new features are observed that are not present in either the pure carbon monoxide ices (Jamieson et al. 2006 and references therein) or pure methanol ices and references therein). These features have been assigned to the formation of a CH 3 OH Á Á Á CO complex. To calculate the column densities within our sample, a modified Lambert-Beers relationship is used (Bennett et al. 2004 ). The column density of carbon monoxide was derived from the 13 CO 1 fundamental band at 2090 cm À1 , using an absorption coefficient of 1.5 ; 10 À19 cm molecule À1 of 12 CO (Gerakines et al. 2005) . The derived column density was found to be (5.24 AE 0.30) ; 10 17 molecules cm
À2
. For methanol, the column density was derived from the 8 fundamental band at 1030 cm À1 using an A-value of 1.3 ; 10 À17 cm molecule À1 (Palumbo et al. 1999) . Here the column density was found to be (3.36 AE 0.22) ; 10 17 molecules cm À2 , indicating that the ratio of methanol to carbon monoxide within our ice sample is approximately 1: 1.5. If we assume that the densities of carbon monoxide and methanol are 1.029 and 1.020 g cm À3 , respectively, we can determine a total ice thickness of 412 AE 18 nm (Jiang et al. 1975; Tauer & Lipscomb 1952) .
The ice samples were kept isothermally at 11.1 AE 0.3 K while they were subjected to irradiation from the electron gun at beam currents of 100 nA for 1 hr, scanning the electron beam over an area of 3.0 AE 0.4 cm 2 . This exposes our sample to a total of 2.2 ; 10 15 electrons (7.5 ; 10 14 electrons cm À2 ); however, our electron gun has an extraction efficiency of 78.8%, which means the actual number of electrons expected to hit the sample is reduced to 1.8 ; 10 15 electrons (5.9 ; 10 14 electrons cm À2 ). Once the irradiation was complete, the sample was left isothermally for an hour, enabling us to establish the stability and/or mobility of species formed. Afterward, a temperature program was started during which the ice was heated at a rate of 0.5 K minute À1 until it reached 300 K. Note that all numerical quantifications listed in this paper are the results of our experiments carried out at 100 nA. Experiments with a lower beam current of 20 nA were also carried out to acquire supplemental mass spectrometry data. Table 2 summarizes the peak positions of the products identified after the condensed ice was subjected to irradiation from 5 keV electrons at 100 nA for 1 hr. Also listed are the products identified previously in irradiation experiments. The approach used here begins with a comparison of the species identified in the irradiation of pure carbon monoxide ices (Jamieson et al. 2006) , and then species found in the irradiation of pure methanol ices , before presenting any new species uncommon to the irradiation of the pure ices. First, regarding the species also detected in pure carbon monoxide ices, only one novel molecule could be sampled, that is, carbon dioxide,
RESULTS

Infrared Band Assignment
), where the 3 (asymmetric stretch) could be identified at 2342 cm À1 (Fig. 2a ), in accordance with previous assignments to this band from carbon dioxide as an amorphous solid at 10 K at 2342 cm À1 (Falk 1987) , as well as in the irradiation of pure carbon monoxide at 2346 cm À1 (Jamieson et al. 2006) . Two different isotopomers of carbon dioxide could also be identified from their corresponding isotopic shifts for the 3 fundamental, where the 13 CO 2 isomer was found to absorb at 2280 cm , respectively (Falk 1987) , and with the values from Jamieson et al. (2006) , who found them at 2281 and 2330 cm
À1
. The corresponding absorption from the 2 (out-of-plane bending) was also found at 660 cm
, which again agrees well with previous isolation studies of this molecule, in which it has been found to absorb at 661 cm À1 (Falk 1987) or at 660 cm À1 (Jamieson et al. 2006) . A systematic search was carried out for several of the species found to be produced early on during the irradiation of pure carbon monoxide ices. Dicarbon monoxide, C 2 O(X 3 AE À ), has been found to have an intense absorption at 1988 cm À1 corresponding to the 1 (CO stretch) of this molecule; however, this absorption was undetectable in the present set of experiments. The strongest absorption from tricarbon monoxide occurs at 2249 cm À1 ( 1 ; CO stretch), the second strongest at 1913 cm À1 ( 2 ; CC asymmetric stretch). If carbon suboxide,
were present, we should have been able to see the strongest absorptions arising from the 3 (CO asymmetric stretch) at 2242 cm À1 and the 4 (CC asymmetric stretch) at 1563 cm À1 (Jamieson et al. 2006) . Although the 3 fundamental overlaps with the 2 8 band from methanol, which absorbs strongly in this region, the 4 vibration would be visible if this species were formed. Concerning the identification of species also detected within pure methanol ices, here we were able to identify the hydroxymethyl radical, CH 2 OH(X 2 A 0 0 ), which was identifiable by its 4 (CO stretch) absorption at 1197 cm À1 (Fig. 2b) , again in good agreement with previous matrix isolation studies of this species, where it has been found to absorb at 1183 cm À1 (Jacox 1981) . Other experiments on the irradiation of pure methanol by and Gerakines et al. (1996) place this absorption at 1192 and 1197 cm À1 , respectively. The latter authors also reported a second band at 1352 cm À1 ( 5 ; CH 2 , OH rocking); however, this band could not be identified. Again, we were unable to directly confirm the presence of the methoxy radical, CH 3 O(X 2 A 0 ), because its strongest absorptions overlap with those of methanol too closely to be detected ). The identification of formaldehyde, H 2 CO(X 1 A 1 ), was also possible from the appearance of three of its fundamental bands: the 2 (CH 2 rocking) at 1247 cm À1 , 3 (CH 2 scissoring) at 1500 cm
, and 4 (CO stretching + CH 2 scissoring) at 1718 cm À1 (Figs. 2c and 2d ). These absorptions are found to be in good agreement with formaldehyde within a nitrogen matrix at 11 K, where they appear at 1245, 1499, and 1740 cm À1 (Nelander 1980) , as well as with irradiation experiments on pure methanol, where they show up at 1244, 1497, and 1719 cm À1 , respectively (Gerakines et al. 1996) . The formyl radical, HCO(X 2 A 0 ), was identified through the appearance of its 2 (CO stretching) fundamental band at 1843 cm À1 (Fig. 2d) . This value agrees with previous matrix isolation experiments of this radical produced in carbon monoxide matrices, in which it was found to absorb at 1860 cm À1 (Ewing et al. 1960) . It also correlates nicely with values from the irradiation of pure methanol, where it was found to absorb at 1842 cm À1 ). Finally, methane, CH 4 (X 1 A 1 ), was found by virtue of an absorption at 1304 cm À1 arising from its 4 (deformation) fundamental. This value agrees well with that of methane in an argon matrix, where it is found to absorb at1304 cm À1 (Fig. 2c) , as well as with values listed from the irradiation of pure methanol, where this band was found to absorb at1303 cm À1 (Govender & Ford 2000; Considering the new species formed in the binary mixture, methyl formate, HCOOCH 3 (X 1 A 0 ), was identifiable through its 14 (CO of CHO stretching) fundamental band at 1718 cm À1 , its 8 (COC asymmetric stretch) band at 1159 cm À1 , and its 5 (CO of OCH 3 stretching) band at 914 cm À1 (Figs. 2c and 2d ) . These values agree well with those of the cis (syn) form of methyl formate, where the same absorptions are found to absorb at 1708, 1158, and 922 cm À1 in an argon matrix (Blom & Günthard 1981) . The trans (anti) conformer has a strong absorption at 1099 cm À1 from the 9 fundamental (Müller et al. 1983) , which was unidentifiable in the current experiments. Glycolaldehyde, HCOCH 2 OH(X 1 A 0 ), found as its lowest conformer, commonly referred to as Cc (cis-cis bonding within the OCCO backbone, as shown in Fig. 1) , was identified by its 14 (CO stretch) fundamental at 1757 cm À1 , as observed previously in pure methanol ices ( Fig. 2d ; ). This band is actually one of two expected as a result of Fermi resonance splitting of the 14 (CO stretch) fundamental and an overtone from the 2 6 (CC stretch) band, whereby this second band was found to occur around 1700 and 1690 cm À1 ( Fig. 2c ; Jetzki et al. 2004 ). We were also able to find absorptions from the 11 (CH of CHO rocking) fundamental at 1367 cm À1 and the 9 (OH rocking and CH 2 wagging) fundamental at 1267 cm À1 (Fig. 2b) . These values are all in good agreement with the Cc conformer of glycolaldehyde within an argon matrix at 13 K, where these absorptions can be found at 1747, 1700, 1367, and 1267 cm À1 , respectively (Aspiala et al. 1986 ). Note that an additional peak at 1067 cm À1 was found, which has been assigned to the 7 (CO stretch) from the Tt (trans-trans) conformer of glycolaldehyde located at 1065 cm À1 within an argon matrix ( Fig. 2c ; Aspiala et al. 1986) .
As with the pure methanol system, several molecules that were searched for could not be identified within the current experiments. These include the hydroxyl radical, OH(X 2 Å), the fundamental absorption of which may overlap with methanol, which has been experimentally determined in matrix-isolated experiments to absorb at 3548 cm À1 (Cheng et al. 1988) . The methyl radical, CH 3 (X 2 A 00 2 ), which is seen most easily by its 1 (CH 3 wagging) fundamental, which absorbs in, for example, nitrogen matrices at 611 cm À1 (Milligan & Jacox 1967 ), also could not be unambiguously identified in these experiments. However, the carboxyl radical, HOCO(X 2 A 0 ), was detected through its 2 (CO stretching) absorption at 1852 cm À1 (Fig. 2d) ; this is consistent with the trans isomer, which has previously been identified at 1846 cm À1 in an argon matrix (Jacox 1988 ) and at 1833 cm À1 in a carbon monoxide matrix (Milligan & Jacox 1971 ). 
Mass Spectrometry
The only signal observed through mass spectrometric analysis of the gas phase during irradiation of the sample was found at m/e = 2, that is, molecular hydrogen, which immediately ceased when irradiation was stopped, similar to experiments carried out on the irradiation of binary mixtures of methane and carbon monoxide (Bennett et al. 2005) . As the sample is warmed up, the carbon monoxide begins to sublime at around 50 K, and methanol around 115 K (Fig. 3 ). Signal at m/e = 30 corresponds to the CH 2 O + fragment produced during the dissociative ionization of methanol. From 140 to 180 K, an increase in the signal is observed at m/e = 60, corresponding to the C 2 H 4 O 2 + ion; from 155 to 180 K, signal from m/e = 45 (HCO 2 + fragment) is also observed (Fig. 3) . Considering the two different C 2 H 4 O 2 isomers observed with infrared spectroscopy, it appears that glycolaldehyde, which should have no signal corresponding to an HCO 2 + fragment, sublimes between 140 and 160 K, whereas the methyl formate, which should give signal from the HCO 2 + fragment, sublimes from 155 to 180 K. The methyl formate appears to be the last molecule to be released from the silver target, as no signal is observed after 180 K. We should mention that it is not possible to distinguish, through mass spectrometry, products produced during the irradiation period from those that may be formed via thermally induced mechanisms (including additional formation of molecules by recombination of previously formed radicals that become mobile during the heating process). However, blank experiments in which samples were not subjected to irradiation failed to give any signals reported here in the mass spectrometer other than at m/e = 30, corresponding to the CH 2 O + fragment from methanol.
DISCUSSION
We would now like to discuss the likely formation mechanisms of the observed molecular species in this experiment. Here it is prudent to first discuss the mechanisms observed in the pure ice mixtures. During the irradiation of pure methanol ), the following primary degradation pathways were indicated:
If the radiolysis-induced decomposition of methanol via reactions (4)Y (7) is responsible for the destruction of the methanol molecule, its column density through time should follow firstorder kinetic decay as follows:
Here the temporal profile of the column density for methanol was produced using the 8 fundamental at 1030 cm À1 (Palumbo et al. 1999) . By fitting our data to equation (8), we determined [CH 3 OH] 0 = (3.28 AE 0.01) ; 10 17 molecules cm À2 and k 1 = (3.50 AE 0.15) ; 10 À5 s À1 (Fig. 4a) . Considering the recent study of irradiation of pure carbon monoxide ices irradiated by 5 keV electrons by Jamieson et al. (2006) , they found no evidence for the production of oxygen atoms through the electron-induced decomposition of carbon monoxide,
Instead, their results indicated that the decomposition of the carbon monoxide initially involved the excitation of one carbon monoxide molecule, followed by a subsequent reaction with a neighboring carbon monoxide molecule to yield carbon dioxide and a free carbon atom:
Jamieson et al. suggested that free carbon atoms then react to produce a series of C n O species via the following reaction sequence:
However, in the present binary mixture, dicarbon oxide was not observed. This can lead us to two conclusions: (1) the carbon atoms produced in reaction (11) react instantly with methanol, and (2) in the case of the binary ice mixture, we do not have sufficient neighboring carbon monoxide molecules for reactions (10) and (11) to proceed. Further, it is feasible for carbon monoxide to be primarily destroyed by reaction with an electronically excited oxygen atom released via reaction (7). Here, if the reaction proceeds on the singlet surface, there is no barrier to the reaction, as compared with reactions of ground-state oxygen with carbon monoxide, which must proceed on the triplet surface and have an associated barrier on the order of 25 kJ mol
À1
(0.26 eV) calculated from ab initio calculations at the CCSD(T)/ Full level of theory (Talbi et al. 2006 ):
As a second example of a pathway for the destruction of carbon monoxide via reaction with another primary product from the radiolysis-induced decomposition of methanol, we consider the formation of the formyl radical through reaction of carbon monoxide with hydrogen atoms produced in reactions (4)Y(6):
The hydrogen atoms produced in reactions (4)Y(6) will likely be born with excess kinetic energy, allowing them to overcome the barrier for addition of carbon monoxide of 11 kJ mol À1 (0.12 eV) as calculated by Bennett et al. (2005) using the CCSD(T)/aug-ccpVTZ level of theory. Whether the carbon monoxide molecule is decomposed through radiolysis by the impinging electrons or through reactions with the products of the radiolysis of methanol, its temporal profile should still be fitted by first-order kinetics as with methanol (or pseudoYfirst-order, in the case of reactions with products from the decomposition of methanol). Here we were able to fit the temporal profile of carbon monoxide to the following equation:
Using an A-value of 1.5 ; 10 À19 cm molecule À1 for the 13 C isotope peak of the carbon monoxide 1 fundamental appearing at 2090 cm À1 , fitting our data to equation (15) (Fig. 4b) .
From the discussions above, it follows that the production of the primary degradation products of methanol produced through reactions (4)Y (7) should also follow first-order kinetics, giving
Considering the hydroxymethyl radical, we traced the temporal evolution of its column density using the 4 fundamental at 1197 cm À1 and an A-value of 1.56 ; 10 À17 cm molecule À1 ) and fitted it to equation (16 (Fig. 4c) . Unfortunately, as we were unable to spectroscopically observe the methoxy radical, no temporal profile could be produced and hence no fitting could be achieved. However, formaldehyde was followed through its 2 fundamental at 1250 cm À1 using an A-value of 2.44 ; 10 À18 cm molecule À1 . By fitting our results to equation (18), we found b = (6.68 AE 0.25) ; 10 15 molecules cm À2 and k 5 = (7.37 AE 0.67) ; 10 À4 s À1 (Fig. 4d ). For methane, the 4 fundamental at 1300 cm À1 was used to produce a temporal profile with an A-value of 7.0 ; 10 À18 cm molecule À1 (Kerkhof et al. 1999) . Using equation (19), our results indicate that d = (6.64 AE 0.41) ; 10 15 molecules cm À2 and k 5 = (1.76 AE 0.14) ; 10 À4 s À1 (Fig. 4e) . Considering the formation of carbon dioxide through either reactions involving excited carbon monoxide ([10] and [11] ), or the formation of excited oxygen atoms from methanol through reaction (7) followed by addition of the excited oxygen atom to carbon monoxide, reaction (13), the kinetics could be considered as pseudoYfirst-order if we assume that reactions (10) and (7) will proceed more quickly than reactions (11) and (13), respectively. Here the temporal profile of the column density of carbon dioxide should be fitted via equation (20) . For carbon dioxide, an A-value of 7.6 ; 10 À17 cm molecule À1 (Gerakines et al. 1995) was used for the 3 fundamental at 2342 cm À1 to produce the temporal profile. After fitting the data to the equation
we found e = 3.56 AE 0.07 ; 10 15 molecules cm À2 and k 7 = (2.72 AE 0.01) ; 10 À3 s À1 (Fig. 4f ) . Similarly, for the formyl radical, which can be formed through reaction (14), the addition of hydrogen to carbon monoxide, we can expect its generation to follow pseudoYfirst-order kinetics, where
By using the 2 fundamental at 1843 cm À1 with an A-value of 1.48 ; 10 À17 cm molecule À1 (Bennett et al. 2005) , we were able to reproduce the temporal column density of this species and fit the data to equation (21). The results give f = (2.03 AE 0.04) ; 10 15 molecules cm À2 and k 8 = (2.51 AE 0.30) ; 10 À3 s À1 (Fig. 4g ). Now we would like to consider the formation of glycolaldehyde and methyl formate. We propose that the formation of these species occurs by means of the barrierless recombination of neighboring molecules in the correct orientation, formed during the irradiation process. Here the formation of glycolaldehyde will follow the recombination of a hydroxymethyl and formyl radical:
The formation of methyl formate can occur by means of a similar process involving the methoxy radical instead of the hydroxymethyl radical:
Assuming that once these radicals are formed within the same matrix cage in the correct geometric orientation to recombine, we can again take the production of these species to follow pseudoYfirst-order kinetics, giving
For glycolaldehyde, we used the 7 fundamental of the Tt conformer at 1065 cm À1 with an A-value of 1.04 ; 10 À17 cm molecule À1 ) to produce the temporal profile of the column density. Note that no suitable peak from the Cc conformer could be used for the purpose of constructing a temporal profile, and thus more glycolaldehyde was produced in our experiments than we are able to quantify. Fitting the data to equation (24) yields results of g = (1.68 AE 0.19) ; 10 14 molecules cm À2 and k 9 = (6.40 AE 1.58) ; 10 À4 s À1 (Fig. 4h) . Regarding methyl formate, the temporal profile was produced from the evolution of the 5 fundamental at 920 cm À1 , with an A-value of 4.0 ; 10 À18 cm molecule À1 ). Here, fitting the data to equation (25) gives values of h = (9.51 AE 6.11) ; 10 15 molecules cm À2 and k 10 = (1.26 AE 0.958) ; 10 À4 s À1 (Fig. 4i) . Although the products produced during the irradiation of the binary ice mixture studied here are the same as those from the irradiation of pure methanol ices as studied by , a few comments should be made about the similarities and differences of these systems. Because of different ice thicknesses, this discussion will remain qualitative. As carbon monoxide is present in the initial ice mixture here, we produce comparatively produce higher column densities of several species that may form as a result of reaction with this species, including the formyl radical and carbon dioxide. It is interesting to note the relative production rates of the hydroxymethyl radical versus formaldehyde, where we find that more formaldehyde is produced in the binary ice mixture whereas the hydroxymethyl radical is not as abundant. Presumably, this is a result of the fact that there are more carbon and oxygen atoms in a reduced form within the ice mixture, where formaldehyde represents an intermediate level of saturation. In both systems, the production of methyl formate is more efficient than that of glycolaldehyde by an order of magnitude. No evidence was found for the production of acetic acid within either system, whereby our proposed formation route involved the cleavage of the C-O sigma bond in methanol to form the methyl and hydroxyl radicals (reaction [1a] ). As neither of these radicals could be detected within our system, we conclude that upon irradiation by electrons, methanol does not efficiently decompose by this pathway.
ASTROPHYSICAL IMPLICATIONS
Our research indicates that it is likely for both methyl formate and glycolaldehyde to be formed within interstellar ices subjected to irradiation, provided that carbon monoxide and methanol can be found as neighboring molecules. Is there any evidence of this from observations of interstellar ices? Recently, Gibb et al. (2004) carried out a survey of 23 infrared sources using the Infrared Space Observatory (ISO), in which they found the presence of both methanol and carbon monoxide as constituents of the icy grains in 15 of the sources. Typically, the abundances relative to water of carbon monoxide and methanol were found to be around 3%Y25% and 3%Y15%, respectively. One particular infrared source in the Corona Australis molecular cloud complex known as R CrA IRS 2 was found to have upper limits of 53% and 46% for carbon monoxide and methanol relative to water; however, does this mean that they are likely to reside close enough to react as the ices are subjected to irradiation? Interstellar ices are generally considered to consist of a silicate/carbonaceous core covered by both a polar and an apolar layer in which the majority of the methanol resides in the polar layer, whereas the majority of the carbon monoxide is found in the outer, more volatile apolar ice layer (Allamandola et al. 1999) . Taking this into account, it seems likely that only carbon monoxide that has been identified as being present within the polar ice layer is likely to be able to react with methanol in a way similar to our experiments. In the case of R CrA IRS 2, the amount of carbon monoxide thought to exist within the polar matrix is reduced to 2.6% relative to water, whereby the majority of neighboring molecules are likely to be water. However, some of the interstellar ices covered in the study are found to have an abundance of up to 13% of carbon monoxide within the polar ices, which could have methanol molecules as nearest neighbors. A quantitative extrapolation as to how much glycolaldehyde and methyl formate could be produced by irradiation of interstellar ices is difficult at this stage, as the actual ice morphology is poorly understood. However, our results do agree qualitatively with the abundances reported within the interstellar medium, in that the production of methyl formate was found to be much more efficient than the production of glycolaldehyde. Although the third isomer, acetic acid, was not found to be produced during the irradiation of methanol/carbon monoxide ices, we have shown that it can be produced in mixtures of methane and carbon dioxide , and thus solid-state formation mechanisms for all three C 2 H 4 O 2 isomers by the irradiation of interstellar ices are likely to exist. Figure 5 illustrates pictorially the ice mixtures studied so far that have been found to produce the three C 2 H 4 O 2 isomers presently detected within the interstellar medium. The abundance of C 2 H 4 O 2 isomers within interstellar ices is expected to be less than 1% relative to water and therefore likely below the present detection limits of, for example, ISO. The main difficulty lies in the fact that the strongest bands from these species (e.g., C = O stretching bands) overlap with those from other species already thought to be present within these ices Gibb et al. 2004 ). The best candidate for detection of C 2 H 4 O 2 isomers within interstellar ices would probably be methyl formate, because of its predicted higher abundance; if a high enough concentration exists, its presence could be confirmed through absorptions from the 5 fundamental around 914 cm À1 (10.94 m), although this would be difficult to distinguish from the strong underlying broad absorption from the silicate core that occurs around 1030 cm À1 (9.70 m), as well as from other species whose presence is predicted but not confirmed within interstellar ices, such as ethylene, which absorbs at 951 cm À1 (10.52 m). Once these molecules are formed within these interstellar ices, they can subsequently be released into the gas phase as the icy mantle begins to sublime when a young stellar object begins to form. Thus, it is important for these processes to be included in future models of hot molecular cores to account for the number densities of these species found from astronomical observations.
